Abstract: Given the complexity of the mammalian proteome, high-resolution separation technologies are required to achieve comprehensive proteome coverage and to enhance the detection of low-abundance proteins. Among several technologies, Multidimensional Protein Identification Technology (MudPIT) enables the on-line separation of highly complex peptide mixtures directly coupled with mass spectrometry-based identification. Here, we present a variation of the traditional MudPIT protocol, combining highly sensitive chromatography using a nanoflow liquid chromatography system (nano-LC) with a two-dimensional precolumn in a vented column setup. When compared to the traditional MudPIT approach, this nanoflow variation demonstrated better firstphase separation leading to more proteins being characterized while using rather simple instrumentation and a protocol that requires less time and very little technical expertise to perform.
Introduction
One of the goals of proteome research is the spatial and temporal detection of all proteins in a qualitative and quantitative manner. [1] [2] [3] Despite significant improvements in mass spectrometry technology, automated peptide identification algorithms and bioinformatics data mining strategies in recent years, the complexity of biological samples remains a daunting challenge and whole proteome analyses are currently not possible. A multitude of analytical platforms have been introduced to improve proteome coverage, all aimed at minimizing sample complexity and hence increasing the detection of lowerabundance proteins by MS-based proteomics. Commonly used technologies include (i) two-dimensional gel electrophoresis (2D-PAGE), in which proteins are separated by two consecutive electrophoretic dimensions, partitioning proteins based on their isoelectric point and molecular mass, respectively. 4, 5 Separated spots are excised, in-gel digested and analyzed by MS; (ii) gel-enhanced LC-MS, 6 in which proteins are first separated by SDS-PAGE according to their molecular mass. Then, the entire gel is cut into defined sections, which are ingel digested and analyzed by LC-MS; (iii) off-line 2D-LC, where traditional chromatographic separations (i.e., ion-exchange chromatography, reversed-phased chromatography, etc.) are used to separate proteins or peptides into a user defined number of fractions which are in turn analyzed by LC-MS; 7, 8 (iv) online capillary LC-MS is used to separate peptide mixtures in narrow fused silica chromatography columns (∼75-100 µm) packed with reversed-phase resin. Peptides elute directly into a MS where they are identified by tandem mass spectrometry (hence on-line). 9 This technology was vastly improved by Yates and colleagues who developed a technology termed Multidimensional Protein Identification Technology (MudPIT). [10] [11] [12] In MudPIT, fused silica emitters are packed with two orthogonal chromatographic resins, a strong cation exchange (SCX) resin in the first dimension and a reversed-phase (RP) resin in the second dimension. Briefly, protein extracts of interest (i.e., cell homogenates, organelles, tissue lysates) are digested with trypsin and peptide mixtures are bound to the SCX resin. A step-sequence consisting of defined salt bumps elute a subset of the bound peptides from the SCX resin to the RP material from which they are eluted directly into the MS by a water/ acetonitrile gradient. This separation reduces the sample complexity entering the mass spectrometer to a level with which the instrument can deal. Traditionally, MudPIT columns are packed and peptides are loaded off-line using a pressure vessel. Chromatographic separations are accomplished using quaternary HPLC systems with a precolumn split effectively reducing the flow-rate to ∼400 nL/min. Despite the tremendous success of MudPIT (in terms of providing data with superior information content relative to one-dimensional separation), relatively few laboratories are currently using this technology, which might be due to specific expertise required to optimally utilize this system. More recently, variations of the traditional MudPIT protocol, employing tetraphasic precolumns in a vented column setup in high flow-rate mode, have been presented. 13 Here, we present an automatable variation of the traditional MudPIT technology combining highly reproducible and sensitive splitless nanoflow HPLC technology with a vented twodimensional column setup. Comparison with the traditional MudPIT technology demonstrated a measurable performance improvement when using this modified two-dimensional peptide separation methodology. The combination of fast sample loading from a microplate autosampler in a vented column setup, with highly sensitive splitless nanoflow chromatography will allow investigators with lesser experience in LC-MS to utilize this technology and significantly increase the number of detected proteins. Using the same column for multiple samples allows for retention time reproducibility that is lacking in traditional approaches, allowing postacquisition software to better compare data sets. We also introduce a shorter modification of the full 2D experiment, which allows for 3 samples to be fully characterized in a 24 h period with little compromise, enabling projects consisting of larger sample sets to be entertained. 14 Cells were homogenized in lysis solution (250 mM Sucrose, 25 mM HEPES, pH 7.4, and 20 mM KCl) followed by centrifugation at 14 000 rpm for 15 min. The supernatant was used for analysis (see below). An aliquot of 150 µg of total protein (determined by Bradford assay) was precipitated overnight with 5-vol of ice-cold acetone followed by centrifugation at 14 000 rpm for 15 min. The protein pellet was solubilized in 8 M urea, 2 mM DTT, and 50 mM Tris-HCl, pH 8.5, at 37°C for 1 h, followed by carboxyamidomethylation with 10 mM iodoacetamide for 1 h at 37°C in the dark. Samples were diluted with 50 mM ammonium bicarbonate, pH 8.5, to ∼1.5 M urea. Calcium chloride was added to a final concentration of 1 mM and the protein mixture was digested with a 1:30 molar ratio of recombinant, proteomics grade trypsin at 37°C overnight. The resulting peptide mixtures were solid phaseextracted with Varian OMIX cartridges (Mississauga, ON, Canada) according to the manufacturer's instructions, and stored at -80°C until further use.
Materials and Methods

Materials
The multiple myeloma cell line OPM2 (Gift from Suzanne Trudel) was grown in Iscove's Modified Dulbecco's Media (IMDM; Gibco, Invitrogen) supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 µg/mL) at 37°C and 5% CO 2 . Proteins were extracted from harvested cells using 1% Triton X-100 (Sigma) lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl 2 , 1 mM EGTA, 100 mM sodium fluoride, 100 mM sodium phosphate, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mM PMSF, and 1 mM sodium pervanadate). The cysteine reduction and alkylation, tryptic digestion and protein purification were as described above.
Chromatography. 1D Chromatography. Peptides were loaded on a 3 cm precolumn (150 µm i.d.) containing a Kasil frit packed with 5 µm Magic C18 100 Å reversed-phase material (Michrom Bioresources). The precolumn was connected via a titanium micro-tee splitter fitted with an electrode for voltage application (i.e., vented column system) 15 to a 10 cm fused silica microcapillary analytical column (75 µm i.d.) with a homemade laserpulled spray tip packed with 5 µm Magic C18 100 Å reversedphase resin.
Traditional MudPIT. A fully automated 9-cycle MudPIT procedure was set up similar as previously described. 11, 16, 17 A quaternary HPLC-pump was interfaced with a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a nanoelectrospray source (Proxeon Biosystems, Odense, Denmark). A 100 µm i.d. fused silica microcapillary column was packed with ∼7 cm of 5 µm Magic C18 100 Å reversed-phase material (Michrom Bioresources), followed by ∼5 cm of Luna 5 µm SCX 100 Å strong cation exchange resin (Phenomenex, Torrance, CA). Samples were loaded manually using an in-house pressure vessel. Columns were placed inline with a Surveyor quaternary HPLC system (Thermo Fisher Scientific, San Jose, CA) using a precolumn split and a three buffer system (Buffer A, water, 0.1% formic acid; Buffer B, 100% acetonitrile and 0.1% formic acid; Buffer C, 500 mM ammonium acetate in buffer A). HPLC gradients were as previously described using salt bumps of 0%, 5%, 10%, 15%, 20%, 25%, 30%, 40%, and 100% followed by a water/acetonitrile gradient. Peptides that eluted from the microcapillary columns were electrosprayed directly into the MS. A distal 2.3 kV spray voltage was applied to the microsplitter tee (Proxeon Biosystems). The MS operated in a cycle of one full-scan mass spectrum (400-1800 m/z), followed by 6 data-dependent MS/MS spectra at 35% normalized collision energy, which was continuously repeated throughout the entire MudPIT separation. The MS functions and the HPLC solvent gradients were controlled by the Xcalibur data system (Thermo Fisher Scientific, San Jose, CA).
2D Vented Column Setup. A fully automated 9-cycle twodimensional chromatography sequence was set up identical as described above. Peptides were loaded on a 7 cm precolumn (150 µm i.d.) containing a Kasil frit packed with 3.5 cm 5 µm Magic C18 100 Å reversed-phase material (Michrom Bioresources) followed by 3.5 cm Luna 5 µm SCX 100 Å strong cation exchange resin (Phenomenex, Torrance, CA). Samples were automatically loaded from a 96-well microplate autosampler using the EASY-nLC system (Proxeon Biosystems, Odense, Denmark) at 3 µL/min. The precolumn was connected to an 8 cm fused silica analytical column (75 µm i.d.) via a microsplitter tee (Proxeon Biosystems) to which a distal 2.3 kV spray voltage was applied. The analytical column was pulled to a fine electrospray emitter using a laser puller. For the peptide separation on the analytical column, a water/acetonitrile gradient was applied at an effective flow rate of 400 nL/min, controlled by the EASY-nLC. Ammonium acetate salt bumps (8 µL) were applied at the identical concentrations as above, using the 96-well microplate autosampler at a flow-rate of 3 mL/min in a vented-column setup. Samples were analyzed on the LTQ-Orbitrap XL under the identical instrument setup as described above. A shorter variant of the 2D vented column experiment was performed essentially as described with the following exceptions; data collection was for only 60 min during the sample loading phase and only 3 salt elution steps were used at 25, 100, and 500 mM ammonium acetate.
Mass Spectrometry. All samples were analyzed on a LTQOrbitrap XL. The instrument method consisted of one MS full scan (400-1800 m/z) in the Orbitrap mass analyzer, an AGC target of 500 000 with a maximum ion injection of 500 ms, 1 µscan and a resolution of 60 000 and using the preview scan option. Six data-dependent MS/MS scans were performed in the linear ion trap using the six most intense ions at 35% normalized collision energy. The MS and MS/MS scans were obtained in parallel. AGC targets were 10 000 with a maximum ion injection time of 100 ms. A minimum ion intensity of 1000 was required to trigger a MS/MS spectrum. The dynamic exclusion was applied using a maximum exclusion list of 500 with one repeat count with a repeat duration of 30 s and exclusion duration of 45 s.
Protein Identification and Data Analysis. Tandem mass spectra were extracted by BioWorks version 3.3.1 (ThermoFisher, San Jose, CA). All MS/MS samples were analyzed using Sequest (ThermoFisher, San Jose, CA) and X! Tandem (www.thegpm.org; version 2007.01.01.2). The databases used were the Human IPI database (version 3.41, 72 155 entries) for the OPM2cells and the Mouse IPI database (version 3.41, 53 204 entries) for the murine cardiomyocytes cytoplasm preparations. Sequest and X! Tandem were searched with a fragment ion mass tolerance of 0.50 Da and a parent ion tolerance of 0.010 Da. Complete tryptic digestion was assumed. The iodoacetamide derivative of cysteine was specified in Sequest and X! Tandem as a fixed modification. The oxidation of methionine was specified in Sequest as a variable modification. The oxidation of methionine and the phosphorylation of serine, threonine and tyrosine were specified in X! Tandem as variable modifications.
Scaffold (version Scaffold 2.1.1, Proteome Software, Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm. 18 Protein identifications were accepted if they could be established at greater than 95.0% probability and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm. 19 Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Results and Discussion
Experimental Setup. As mentioned above, the MudPIT technology was a ground breaking discovery for the proteomics community, both in its traditional 11 and vented column setup. 13 Here, we extended on these concepts by both implementing new and improved HPLC technology (i.e., splitless nanoflow system) and most importantly by simplifying the experimental setup to a plug-and-play system. We demonstrate a slightly improved performance of this highly automatable method. In Figure 1 , the experimental overview of our 2D method is presented. The heart of the system is two syringe pumps enabling a reproducible flow-rate in the low nanoliter per minute (nL/min) range and a 96-well microplate autosampler for high sample throughput. Importantly, a single column out line connects the HPLC to the 2D precolumn which in turn is connected to the analytical column through a titanium tee for high voltage application. A single waste line enables highflow sample loading (up to 7 µL/min). This methodology eliminates the sophisticated setup of earlier vented column MudPIT approaches, 13 while enabling true nanoflow HPLC separations and significantly simplifying this methodology to earlier applications.
Validation of the Salt Delivery Using a 1D Chromatography System. The total spray ion current delivered to the mass spectrometer during the salt elution phase was measured to determine the characteristics of the salt plug produced. The ion current at the spray tip is proportional to the salt concentration of the solution, higher salt concentrations producing larger currents. Figure 2D shows the ion current plotted as a function of time. The elution profile demonstrated approximates the ideal square form, which would occur if no mixing occurred. The inset in Figure 2D shows a similar experiment using the flow-split quaternary pump system used for the traditional on-line 2D experiments in this study. The square spray current pattern created by the split-free method represents a known salt concentration delivered with a predictable flow rate, whereas the v-shaped salt elution pattern in the splitflow system is indicative of the mixing which occurs in the high flow rates of the splitting process. Moreover, the salt concentration at the apex of the v-shape curve will be difficult to control and reproduce since it is a function of flow-rates, back pressures and viscosity (which increases for each step as one aims to increase the salt concentration). Because of the well-controlled delivery of the salt steps in the split-free system, a more complete delivery of peptides from the SCX resin to the RP resin is achieved and should result in less tailing of peptides between SCX fractionation steps leading to less repeat MS/MS spectra for the high-abundance ions. The split-free system is set to deliver a constant flow rate and will adjust pump pressure to do so; the traditional quaternary pump splitflow systems also operates at a constant flow rate (100 µL/min), although, due to the precolumn split, the effective column flow rate will change in response to pressure changes in a way that cannot be effectively controlled. Since retention times are a function of solvent composition and volume delivered across 
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technical notes the analytical column, pressure increases due to sample impurities will cause the split-flow systems to show increased apparent retention times compared to constant volume systems. This can complicate the alignment of peaks when running sample comparison analysis such as the label-free quantitation approaches.
Comparison with the Traditional On-Line MudPIT Approach. A tryptic digest of proteins derived from a human multiple myeloma cell line was used to determine the efficacy of single versus multiple dimension peptide separation as well as evaluating the relative performance of the two multidimensional protocols under discussion. The number of proteins identified using a given amount of sample is larger using either of the 2D protocols when compared to a single 1D reversephase separation. When the database and acceptance criteria outlined in Materials and Methods was used, 562 proteins were identified using only one dimension, and 1788 proteins and 2171 proteins were identified using the traditional split-flow system and the split-free nano LC systems, respectively. Figure  3 is a Venn diagram indicating the identification overlaps. The proteins identified by the 1D approach were essentially a subset of the proteins identified by either 2D approach, although repeat analyses of the 1D separation to achieve the same MS analysis time as in the 2D separation would likely increase the number of identified proteins by ∼20-30% due to the random sampling effect of data-dependent MS analysis. 16, 20 The number of times any given ion is selected for MS/MS indicates how often that peptide is present to a significant level in the reverse-phase column eluent. Table 1 shows the 15 most abundant proteins in this study with respect to the number of unique peptides found, as well as the total MS/MS spectra assigned to that protein. It is clear that more mass spectrometer time is being spent fragmenting the most abundant ions using the traditional MudPIT system. In total, 2.85 times more sequencing events are spent on identifying the top-15 proteins using the traditional split-flow system relative to the split-free nanoflow system. This will result in less time available for the fragmentation of peptides of lower-abundance proteins. Note that the number of unique peptides for each protein is generally greater using the split-free nano-LC system (e.g., 6% greater when averaged over the 15 most abundant proteins). This observation would be expected if there were a more complete delivery of peptides from the SCX column to the reverse-phase resin, that is, less tailing in the SCX separation.
Reproducibility of Replicate Analyses. To ascertain the reproducibility of technological replicates using the split-free 2D approach, three identical 2D analyses were performed on a tryptic digest of a cytosolic preparation isolated from mouse cardiomyocytes. Figure 4 shows a Venn diagram of the proteins identified in this experiment. Of the 1079 proteins identified in total, 87% of the proteins were detected in all three replicates with 97% of the proteins accounted for in at least 2 of the 3 analyses. Figure 5 shows the reverse-phase total ion chromatograms (TICs) for the 25 mM ammonium acetate elution salt "bump" from the three technical replicates of the myocardial cytosolic samples.
Reduced
Step Variant of the Split-free Experiment. Mass spectrometer time is often a major consideration in experimental design. It is a common occurrence to have larger sample sets than can be reasonably analyzed within the given projects budget. Quite often, a single dimension approach is employed as a compromise, but this can result in the characterization of only the 500-600 most abundant proteins in the sample. We modified the full 9-step protocol presented in this study to address such sample sets. If the reverse-phase elution (i.e., the gradient) following sample loading step is reduced to 60 min and a simple 3 salt step approach is used (acidic, neutral and basic peptides), we are able to analyze 3 samples per 24 h period in a 2D fashion compared to one sample per 20 h period with either the 9-step split-free 2D or traditional MudPIT methods. The same sample of OPM2 lysate was processed using this modified protocol and 1533 proteins were identified using the acceptance criteria outlined. Figure 6 shows an extracted ion current (XIC) chromatogram of a single peptide ion in the 3-step experiment. The ion is almost completely eluted in the second step. These XIC chromatograms can be obtained for any ion (whether it has been identified or not) and used for relative quantitative purposes, either manually one at a time or by using any of the label-free quantitative software packages.
Conclusion
This study describes a simple automated approach to multidimensional peptide separation using strong cation ex- change as the first dimension and reversed-phase chromatography as the second dimension. We have compared this setup to the traditional on-line MudPIT experiment and found that it characterizes more peptides and is fully automated while using simpler instrumentation and hence much easier technically to perform. Importantly, due to the automated sample loading via the microplate autosampler used by the Easy-LC, the system can be operated at a 24/7 mode, increasing the sample throughput as compared to the manual sample loading process used for the traditional MudPIT procedure, which is practically limited to one sample per day (at least for a g 9-step setup). Many samples can be analyzed using a single precolumn/column setup compared with a new column used more frequently in the traditional approach (T.K. personal experience). Samples, which have been run on the same column, have chromatograms that are more easily aligned and make postacquisition analysis easier. We also presented an abbreviated variant of this experiment which allows for 3 times as many samples being analyzed without a huge compromise is data quality.
